Background: While many studies have found the built environment to be associated with walking, most have used cross-sectional research designs and few have examined more distal cardiometabolic outcomes. This study contributes longitudinal evidence based on changes in walking, body mass index (BMI), and cardiometabolic risk following residential relocation. Methods: We examined 1079 participants in the CARDIA study who moved residential locations between 2000 and 2006 (ages 32-46 in 2000, 49% white/51% black, 55% female). We created a walkability index from measures of population density, street connectivity, and food and physical activity resources, measured at participants' pre-and post-move residential locations. Outcomes measured before and after the move included walking, BMI, waist circumference, blood pressure, insulin resistance, triglycerides, cholesterol, atherogenic dyslipidemia, and C-reactive protein. Fixed effects (FE) models were used to estimate associations between within-person change in walkability and within-person change in each outcome. These estimates were compared to those from random effects (RE) models to assess the implications of unmeasured confounding. Results: In FE models, a one-SD increase in walkability was associated with a 0.81 mmHg decrease in systolic blood pressure [95% CI: ( À 1.55, À 0.07)] and a 7.36 percent increase in C-reactive protein [95% CI: (0.60, 14.57)]. Although several significant associations were observed in the RE models, Hausman tests suggested that these estimates were biased for most outcomes. RE estimates were most commonly biased away from the null or in the opposite direction of effect as the FE estimates. Conclusions: Greater walkability was associated with lower blood pressure and higher C-reactive protein in FE models, potentially reflecting competing health risks and benefits in dense, walkable environments. RE models tended to overstate or otherwise misrepresent the relationship between walkability and health. Approaches that base estimates on variation between individuals may be subject to bias from unmeasured confounding, such as residential self-selection.
achieve balance by gender, race (black, white), education ( r high school, 4high school), and age (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) at each exam center. Specific recruitment procedures have been described previously (Hughes et al., 1987) . Seven follow-up examinations have been conducted over 25 years. We used data from year 15 (2000-2001) and year 20 (2005-2006) to leverage a neighborhood environment questionnaire that was administered at the [2005] [2006] exam. The retention rates for the two exam years were 74 percent and 72 percent of surviving cohort members, respectively.
The study sample was restricted to individuals who moved residential locations between the 2000-2001 exam (considered to be the "baseline" for this analysis) and the [2005] [2006] exam (considered to be the "follow-up"). Among the 3169 respondents who participated in both exams, 1661 were excluded because they did not move and an additional 429 were excluded because they did not provide complete information on all variables of interest at both exam years. These exclusions resulted in a final analytic sample of 1079 cases, each observed at two time points.
To assess the potential implications of mover status and missing data, we compared our final analytic sample to (1) CARDIA participants who did not move residential locations and (2) CARDIA participants who moved but did not provide complete information on all variables of interest at both exam years. First, compared to non-movers, movers with complete data (i.e. the movers included in this sample) were younger, had lower income and educational attainment, and had smaller household sizes at baseline (Appendix Table A .1). A greater proportion of movers were male, black, unmarried, or current smokers; a greater proportion reported a health problem that interfered with physical activity; and a smaller proportion reported taking medication for cholesterol. The only statistically significant differences in baseline health between movers and non-movers were for triglycerides and atherogenic dyslipidemia, with movers having lower average triglycerides and a lower proportion of atherogenic dyslipidemia classification. Second, compared to movers excluded due to missing data, movers with complete data (i.e. the movers included in this sample) had slightly lower baseline BMI, waist circumference, systolic blood pressure, homeostasis model assessment of insulin resistance (HOMA-IR) (Matthews et al., 1985) , and triglycerides, and slightly higher baseline HDL cholesterol and income (Appendix Table A .1). A greater proportion of included cases were employed at baseline, while a smaller proportion of included cases were classified as having atherogenic dyslipidemia or reported taking medication for cholesterol.
Built environment exposure measure: walkability index
The built environment exposure for this analysis was a composite walkability index created from measures of population density, street connectivity, and food and physical activity resources within three Euclidean (i.e. straight-line) kilometers of each respondent's residential location. We measured these attributes using time-varying Geographic Information System data linked to participants' geocoded home addresses at each exam.
Population density was calculated using Census data at the block group level. Street connectivity was measured as the number of street intersections divided by the three-kilometer area around each residential location (i.e. intersection density) and the ratio of street segments to intersections (i.e. link-to-node ratio), based on road network data from ESRI StreetMap. Although we could not collect finegrained land use data due to the geographic extent of the CARDIA sample, we had access to Dun & Bradstreet (D&B) (Dun & Bradstreet, Inc., 2013) data describing the food and physical activity environment. D&B is a commercial database of U.S. businesses and institutional facilities classified by their Standard Industrial Classification codes, and our subset of the data included businesses and facilities related to physical activity (e.g., parks, gyms, recreation centers, community centers, YMCAs) and the food environment (e.g., restaurants, grocery stores, supermarkets). We assumed that these physical activity and food resources would be correlated with the total amount of development in an area and created three specific measures to reflect the density and accessibility of resources. The first of these measures was a count of physical activity and food resources within three Euclidian kilometers of respondents' home addresses, which served as a proxy for the density of stores and activity amenities. To allow resources closer to home to contribute more to the count than those located farther away, resources within one kilometer were assigned a weight of one, while an inverse-distance weight was applied to resources beyond one kilometer. This weighting strategy is presented in Eq. (1):
where i indexes individual physical activity and food resources and w is a weight equal to 1 if distance r 1 km, or 1 distanceðkmÞ if distance 41 km. To create the other two resource measures, we calculated the distance between a respondent's home address and every resource within three kilometers, and took the mean of these distance values as a measure of resource accessibility; this calculation was performed separately for physical activity and food resources. Collectively, the three resource measures allowed us to consider both the density of available resources and how proximate they were to CARDIA participants' residences.
The population density, street connectivity, and resource count measures were assumed to contribute positively to walkability. The mean distance measures were assumed to have a negative influence on walkability, as higher values implied that the average resource within the three-kilometer buffer was at a greater (i.e. less walkable) distance from a respondent's home. In calculating the composite index, we assigned weights to the individual components based on their relative importance in past research on the built environment and travel behavior. In a meta-analysis, Ewing and Cervero (2010) found the elasticity of walking to be greatest with respect to street connectivity, moderate for land use attributes, and lowest for measures of density. Thus, we assigned a weight of 3 to each of the street connectivity measures, a collective weight of 4 to the three food and physical activity resource measures (assumed to be correlated with development and land use), and a weight of 1 to the population density measure. Finally, since there were negative values, we added the absolute value of the sample minimum to each observation in order to place the walkability index on a scale starting at zero for the location(s) with the lowest walkability. The resulting index for each participant i is presented in Eq. (2): (Duncan et al., 2011; Carr et al., 2010; Carr et al., 2011) , and Street Smart Walk Score s offers a more complete measure of walkability by incorporating network rather than straight-line distances to amenities (Front Seat Management, 2014) . We conducted this comparative analysis in a subset of CARDIA participants for whom 2013 Street Smart Walk Score s data were available (n ¼ 1127). The walkability index in Eq. (2) was found to explain 66.4 percent of the variation in Street Smart Walk Score s using linear regression (data not shown). Furthermore, the walkability index and Street Smart Walk Score s were found to be comparable predictors of walking behavior as judged by model fit statistics (AIC, adjusted R 2 ). We tested two additional weighting strategies for the index components: (1) no weights (i.e. all components weighted equally) and (2) street connectivity and resource measures weighted equally (both classes of measures weighted at 4, with population density still weighted at 1). All versions produced similar associations with Smart Walk Score s and walking behavior, and we retained the weights shown in Eq. (2) to be consistent with past research in this area (Ewing and Cervero, 2010) . We also measured the walkability index within one kilometer of participants' home addresses, but the three-kilometer measure was a stronger predictor of both Street Smart Walk Score s and walking behavior. Thus, the three-kilometer walkability index was retained as the built environment exposure for this study.
2.3. Health outcome measures: walking physical activity, BMI, and cardiometabolic risk factors At both exams, participants reported whether and how often they took walks or hikes or walked to work during the 12 months preceding the exam. We used this information to create two measures of walking-based physical activity. First, a dichotomous variable ("walking participation") indicated whether an individual reported engaging in any walking activity during the previous 12 months (1 if yes, 0 if no). Second, a continuous measure ("walking exercise units") accounted for the frequency and intensity of walking activity using the formula 4(m i þ 3n i ), where m i is the number of months of less frequent walking activity ( o4 hours/month) and n i is the number of months of more frequent walking activity (Z 4 hours/month) for individual i. The resulting values ranged from 0 to 144 units. This method has been used in past studies of the CARDIA cohort to offer an approximation of the metabolic equivalents (METs) derived from various types of physical activity (Jacobs et al., 1989) .
BMI and waist circumference were calculated from anthropometry data recorded during each exam. Blood pressure was measured three times after a five-minute seated rest, and the average of the second and third readings was used. Continuous measures of insulin, glucose, triglycerides, LDL and HDL cholesterol, and C-reactive protein were derived from fasting blood samples. The insulin and glucose values were combined into a single measure of insulin resistance (HOMA-IR; lower values indicate better health); individuals who reported having doctor-diagnosed diabetes at baseline (n ¼42) were removed from the HOMA-IR calculations and regressions, as HOMA-IR calculations are inappropriate for those with diabetes. Based on the distribution of sample values, log transformations of HOMA-IR (baseline median ¼ 1.75, IQR ¼ 1.37), triglycerides (baseline median ¼ 78, IQR ¼ 57), and C-reactive protein (baseline median ¼ 1.37, IQR ¼ 3.13) were used in the final regression models for this analysis. Atherogenic dyslipidemia was measured as a dichotomous variable indicating whether participants exhibited both of the following risk factors: elevated triglycerides (4 150 mg/dL) and low HDL cholesterol (o 50 mg/dL for women, o40 mg/dL for men).
2.4. Covariates: sociodemographic characteristics, general health status, and reasons for moving We used information from interviewer-administered CARDIA questionnaires to measure sociodemographic characteristics (age, gender, race/ethnicity, educational attainment, income, household size, marital status, employment status), general health characteristics (smoking status, health problems interfering with physical activity), and reasons for moving to the current neighborhood. Since baseline age, gender, and race/ethnicity were constant over time, we treated them as fixed. We also specified educational attainment as timeinvariant because most participants had obtained their highest academic degree by the 2000-2001 exam. Race/ethnicity categories consisted of white and black, the only two categories included in the CARDIA cohort. Self-reported educational attainment (i.e. highest degree obtained) at the 2000-2001 exam was used to create a dichotomous indicator of whether an individual received a degree beyond high school.
Income, household size, marital status, employment status, smoking status, and general health status were time-varying characteristics that we included at each time point. Respondents reported their combined family income as falling into one of nine categories, and a measure in U.S. dollars was created as the midpoint of the selected income category. Household size was defined as the number of individuals living in the household. Participants were classified as married if they reported being currently married or living with someone in a marriage-like relationship, and as employed if they reported working at least part-time. Smoking status was dichotomized according to whether a respondent reported being a current smoker (versus never smoked or former smoker). We used participants' responses to the following question as a dichotomous measure of general health status: "Do you have any medical problem(s) that interfered with your ability to exercise over the past twelve months?" Participants also reported whether they were currently taking medications for hypertension or cholesterol; in the case of cholesterol medications, we used detailed information on medication type to determine whether participants were taking statins, a class of medications that may affect C-reactive protein in addition to cholesterol.
Of particular interest for this analysis was a neighborhood environment questionnaire administered exclusively at the 2005-2006 exam. This questionnaire asked participants to report reasons for moving to their current residential neighborhood. Among the reasons from which respondents could select, three were related to the built environment: presence of amenities (e.g. parks, sidewalks), presence of stores and restaurants, and access to public transportation. We created a dichotomous variable to indicate whether a respondent selected one or more of these reasons for moving. This variable served as a proxy for neighborhood preferences and other residential choice factors that could confound the relationship between the built environment and health.
Statistical analyses
All statistical analyses were conducted using Stata version 13.0. We examined descriptive statistics to describe sample characteristics, compare movers and non-movers, and assess characteristics of movers across levels of change in walkability resulting from residential relocation (i.e. decrease, minimal change, increase). We used the χ 2 test, Fisher's exact test, or analysis of variance as appropriate to test for statistically significant differences.
We used fixed effects regression models (logistic for walking participation and atherogenic dyslipidemia, linear for all other outcomes) to estimate the associations between within-person change in walkability resulting from residential relocation and within-person change in each health outcome of interest. Fixed effects models rely exclusively on within-person variation over time, allowing each individual to serve as his or her own control. These models thus control for observed and unobserved time-invariant characteristics (Allison, 2005; Lovasi and Goldsmith, 2014) . The fixed effects modeling strategy offers one way to control for unmeasured confounders, such as underlying preferences and attitudes that drive residential self-selection, to the extent that these types of unmeasured confounders remain stable within individuals over time.
The fixed effects models were adjusted only for time-varying covariates, as time-invariant characteristics are inherently controlled for (i.e. differenced out) due to the focus of these models on within-person variation. The general fixed effects equation for this analysis is presented in Eq. (3):
where Health it is the health outcome of interest for individual i at time t (baseline or follow-up), α i is an individual-specific intercept, Walkability it is the time-varying walkability index, Time t represents the number of days between the baseline and follow-up exams, Z it is a vector of time-varying covariates (income, household size, marital status, employment status, smoking status, health problems that interfere with physical activity), and ν it represents time-varying random error.
We compared our fixed effects models to random effects regression models, which account for correlated error terms within individuals observed at different time points; however, because they also incorporate differences between individuals, they differ from fixed effects models in that they do not control for unmeasured time-invariant characteristics (Cameron and Trivedi, 2005) . Comparing the direction, magnitude, and statistical significance of the fixed effects and random effects coefficients allowed us to assess the presence and direction of bias from time-invariant unmeasured confounding.
The random effects models were adjusted for both time-varying and time-invariant characteristics, the latter of which are not removed through differencing as in fixed effects. The indicator of reasons for moving to the current neighborhood was considered to be timeinvariant because it was only available at the 2005-2006 exam, and thus could only be included in the random effects models. The general random effects equation is presented in Eq. (4):
where Health it is the health outcome of interest for individual i at time t (baseline or follow-up), α is a common intercept for all individuals, Walkability it is the time-varying walkability index, Time t represents the number of days between the baseline and follow-up exams, Z it is a vector of time-varying covariates (income, household size, marital status, employment status, smoking status, health problems that interfere with physical activity), C i is a vector of time-invariant sociodemographic covariates (baseline age, gender, race/ ethnicity, highest educational attainment), N i is the binary indicator of reasons for moving to the current residential neighborhood, μ i represents time-invariant individual-specific error, and ν it represents time-varying random error.
A key difference between the two types of models is the time-invariant error term μ i , which is differenced out of the fixed effects models but remains in the random effects models. If this term, which includes all unmeasured variables that remain constant within individuals over time, is correlated with the included independent variables, the random effects coefficients for those variables could be biased. All regression models were estimated separately for each dependent variable. The standard errors for all models were clustered by geographic area to account for the fact that individuals were located in different areas of the U.S. Although all CARDIA participants were originally recruited in four cities, they have moved over time and were clustered in 135 Core Based Statistical Areas (CBSAs) at the 2005-2006 exam. We therefore specified the 2005-2006 CBSA as a cluster term in Stata in order to adjust our standard errors for potential intragroup correlation by metropolitan area.
In sensitivity analyses, we adjusted the systolic blood pressure model for self-reported use of hypertension medications, and the LDL cholesterol, HDL cholesterol, and C-reactive protein models for self-reported use of statins. We also tested the sensitivity of our results to the two alternative versions of the walkability index described in Section 2.2, which incorporated different weighting strategies for the index components.
We used the Hausman specification test (Hausman, 1978) to formally compare the fixed effects and random effects estimates. This test evaluates the null hypothesis that there is no correlation between unobserved individual-specific variation (μ i ) and the independent variables included in the model (i.e. the fixed effects and random effects estimates are statistically equal).
Results

Summary statistics
Walkability index values at participants ' baseline (2000-2001) residential locations ranged from 2.02 to 68.51 with a mean of 20.14 ( Table 1) . Participants' new residential locations at follow-up (2005) (2006) were slightly less walkable on average. Three-quarters of respondents reported participating in any walking activity at baseline, and walking exercise unit values ranged from 0 to 144 with a mean of 49.31. The proportion of participants engaging in any walking activity and the average value of walking exercise units were slightly lower at the follow-up exam. On average, participants at baseline were within the normal ranges for waist circumference, systolic blood pressure, HOMA-IR, triglycerides, and HDL cholesterol, but were overweight (25 r BMI o30) and slightly above optimal levels for LDL cholesterol (mean is 113.44, optimal is o100) and C-reactive protein (mean is 3.11, normal is o3). Approximately 7 percent of participants reported taking medication for hypertension and 1 percent reported taking medication for cholesterol at baseline. Nearly 60 percent of respondents reported choosing their new residential location for reasons related to the built environment. The change in walkability accompanying residential relocation ranged from 36 points lower to 41 points higher, with the average participant moving to an area with 2.09 points lower walkability (Table 2 ). Approximately 11 percent of respondents started participating in walking physical activity during the time between exams, while approximately 15 percent stopped. While slight increases in BMI, waist circumference, systolic blood pressure, HOMA-IR, and triglycerides were observed, the time between exams was marked by average improvements in LDL and HDL cholesterol and C-reactive protein.
Descriptive statistics for selected baseline and change variables showed several statistically significant differences across levels of change in the walkability index (Table 2) . Individuals experiencing an increase or minimal change in walkability were more likely to report moving to their current neighborhood for reasons related to the built environment compared to those experiencing a decrease in walkability. The only statistically significant group difference in baseline health was for systolic blood pressure, with those experiencing an increase in walkability having the greatest average value. Between the baseline and follow-up exams, individuals experiencing an increase in walkability had the greatest increases in LDL cholesterol and C-reactive protein. Individuals experiencing an increase in walkability had smaller initial household sizes, had greater reductions in income, were more likely to have a marriage end, and were more likely to take up or resume smoking.
Fixed effects and random effects regression results
In the fixed effects models, increases in walkability from residential relocation were associated with decreases in systolic blood pressure and increases in C-reactive protein (Table 3) . Specifically, a one-standard deviation increase in the walkability index (i.e. increase of 7.95 units) was associated with a 0.81 mmHg decrease in systolic blood pressure and a 7.36 percent increase in C-reactive protein (coefficient from Table 3 exponentiated here due to log transformation of C-reactive protein data). No significant associations were observed between within-person change in walkability and within-person change in the remaining health outcomes included in this analysis.
In contrast, in the random effects models, walkability was positively associated with the odds of engaging in any walking physical activity, with walking exercise units, and with C-reactive protein; and inversely associated with systolic blood pressure, triglycerides, LDL cholesterol, and the odds of atherogenic dyslipidemia.
Hausman specification tests comparing the fixed effects and random effects estimates were statistically significant for the majority of models with the exceptions of systolic blood pressure and LDL cholesterol, suggesting the presence of unmeasured time-invariant confounding in the random effects regressions. The bias exerted by this confounding was away from the null in the waist circumference, insulin resistance (HOMA-IR), and triglycerides models; for these outcomes, the random effects coefficients were in the same direction but greater in absolute magnitude than the fixed effects estimates. The signs of the random effects and fixed effects estimates were in opposing directions for walking participation, walking exercise units, HDL cholesterol, and atherogenic dyslipidemia. However, the fixed effects estimates for these associations were statistically indistinguishable from zero, again suggesting bias away from the null in the random effects models. The random effects estimates were biased toward the null for BMI and C-reactive protein.
Sensitivity analyses adjusting for medication use in the systolic blood pressure, LDL cholesterol, HDL cholesterol, and C-reactive protein models produced results of similar magnitude, direction, and statistical significance (data not shown). The only noticeable difference in results was that the Hausman tests for systolic blood pressure and LDL cholesterol became statistically significant, indicating bias in the random effects models; this finding favored interpretation of the fixed effects coefficients, which were similar in direction and magnitude and showed the same patterns of statistical significance with and without adjustment for medication use. Sensitivity analyses testing alternative weighting strategies for the walkability index also produced similar results, although the coefficients for systolic blood pressure became somewhat smaller and, in the fixed effects models, statistically non-significant when all walkability components (i.e. density, street connectivity, and food/physical activity resources) were weighted equally in the composite index. (s)) c Standardized coefficients represent the association between a one-SD increase in the walkability index (i.e. increase of 7.95 units) and change in each health outcome in its specified units d All standard errors clustered at the follow-up Combined Metropolitan Statistical Area (CMSA) level, with the exception of the fixed effects models for walking participation and atherogenic dyslipidemia (clustering option not available for fixed effects logistic models) e Hausman specification test evaluates null hypothesis that consistent (fixed effects) and efficient (random effects) estimates are equal; rejection favors fixed effects over random effects f Participants with diabetes at baseline (n ¼42) excluded from HOMA-IR regressions 4. Discussion
Overview of associations
We found neighborhood walkability to be moderately associated with certain aspects of cardiometabolic health in a sample of 1079 middle-aged adults who moved residential locations between 2000 and 2006. When we estimated these associations using within-person changes in cardiometabolic health and objectively measured walkability (i.e. fixed effects), we found increases in walkability to be associated with reductions in systolic blood pressure and increases in C-reactive protein. The associations with systolic blood pressure were not consistently significant under alternative versions (i.e. weighting strategies) of the walkability index, although the selected index equation was specified based on theory and past research. While walkability was associated in the anticipated direction with several health outcomes in the random effects models, the results of the Hausman specification test indicated that these estimates were biased by unmeasured timeinvariant confounding for all outcomes other than systolic blood pressure and LDL cholesterol. The direction of this bias was most commonly away from the null or in the opposite direction of effect, suggesting that associations between walkability and health may be overstated or otherwise misrepresented in the absence of adequate controls for residential self-selection and other sources of unobserved heterogeneity.
The fixed effects coefficient for systolic blood pressure corresponds with a limited body of research that has observed associations between the built environment and blood pressure. This emerging evidence base includes two cross-sectional studies that found higher population and housing density (Chaix et al., 2008; Agyemang et al., 2007) and green space quality (Agyemang et al., 2007) to be correlated with lower systolic blood pressure, and a longitudinal study in which higher neighborhood walkability predicted decreases in systolic and diastolic blood pressure over a one-year follow-up period in middle-aged and older adults (Li et al., 2009) .
The fixed effects coefficient for C-reactive protein, on the other hand, was in the unanticipated direction, suggesting that a move to a more walkable neighborhood was associated with increased (i.e. less healthy) C-reactive protein levels. This finding corresponds with the inverse (though statistically non-significant) associations observed between walkability and walking physical activity. This finding may also reflect the fact that C-reactive protein is adversely affected by stressors such as noise, sleep loss, overcrowding, and exposure to air pollution (King, 2013) , measures of which were not available for this study. These stressors tend to be more prevalent in central urban areas, which also tend to have greater density, land use mix, and street connectivity. Thus, the positive association between walkability and C-reactive protein found in this study may be attributable in part to the detrimental aspects of dense urban environments. These results may also reflect the focus of this study on residential relocation, as moving tends to be a stressful life event that can be associated with a variety of negative health outcomes.
In a cross-sectional analysis, King (2013) found C-reactive protein to have a positive association with population density but an inverse association with land use mix, suggesting that different components of the walkable built environment "package" may entail competing health risks and benefits. As limited work to date has evaluated the relationship between the built environment and C-reactive protein, the present study adds a useful perspective to the evolving discourse on walkability and markers of inflammation.
Comparison of fixed effects and random effects estimates: the role of unmeasured confounding
The random effects coefficients for waist circumference, HOMA-IR, and triglycerides were larger in absolute magnitude than the fixed effects estimates for these outcomes, indicating bias away from the null; however, these differences were relatively small and none of these coefficient estimates were statistically significant at greater than 90 percent confidence. For walking participation, walking exercise units, HDL cholesterol, and atherogenic dyslipidemia, the signs of the random effects and fixed effects coefficients were in opposing directions; the fixed effects estimates for these outcomes were not statistically significant, suggesting again that the random effects estimates may be overstated.
One potential explanation for the biased random effects estimates in this study is residential self-selection: individuals who choose (or are constrained) to live in more walkable neighborhoods may do so for reasons related to walking and other health behaviors that could also affect the health outcomes considered in this analysis. We sought to account for residential self-selection in the random effects models by including an indicator of self-reported reasons for moving to a new residential neighborhood between the two CARDIA exams. Similar types of controls, generally focusing on neighborhood preferences, have been used in many past efforts to disentangle the influence of residential self-selection (Handy et al., 2008; Owen et al., 2007; Cerin et al., 2007; Frank et al., 2007) . While this approach is attractive in its methodological simplicity, it presumes that individuals are able to act upon their built environment preferences when making residential location decisions, and may therefore oversimplify the complexities and competing priorities that characterize residential selection processes. Furthermore, it presumes that neighborhood preferences remain stable over time, and that individuals can correctly express their preferences and ignore cognitive dissonance and other motivations to modify their self-reported preferences (e.g., social desirability, expectation of rewards).
We compared random effects models that did and did not adjust for reasons for moving to the current neighborhood (Appendix Table A .2) in order to assess the impact of including this confounder in our analysis. In several models (walking participation, walking exercise units, waist circumference, LDL cholesterol, HDL cholesterol, C-reactive protein, and atherogenic dyslipidemia), the estimated coefficient on the walkability index was overstated when the indicator was not included as a covariate. This provides some indication of residential self-selection and suggests that the indicator of reasons for moving to the current neighborhood addressed a portion of the bias in the random effects models. However, the remaining bias in the random effects models, as evidenced by the Hausman specification test results, suggest that other sources of unmeasured confounding are relevant and that simple binary controls may be insufficient to account for neighborhood choice and other sources of individual heterogeneity.
The fixed effects models addressed residential self-selection by treating its unobserved determinants as time-invariant factors that could be differenced out of the estimating equation. However, it is important to recognize that the fixed effects estimates in this study remained vulnerable to bias from unmeasured time-varying confounding. This limitation may be particularly relevant to the neighborhood and behavioral preferences and constraints that can influence residential self-selection, as such factors may be subject to change over time and in response to new environmental settings. For instance, if individuals who move to more walkable neighborhoods develop positive perceptions of this type of built environment, their relevant attitudes and preferences should not be viewed as fixed over time. The potential for dynamic preferences is also a limitation in the random effects models, as reasons for moving to the current neighborhood were only measured at the 2005-2006 exam.
The endogeneity of neighborhood selection and health is difficult to address, as random assignment of individuals to neighborhoods is not possible. However, estimates of the relationship between the built environment and health can be improved through careful research design and enhanced modeling techniques. While longitudinal data alone are not sufficient to address residential self-selection, longitudinal research designs that leverage natural experiments (e.g., temporary shocks related to construction or natural disasters) or approximate random assignment (e.g., randomized lotteries among applicants for new residential developments) offer potential ways to reduce the influence of self-selection. Additionally, sophisticated modeling techniques are available to examine the complex and potentially simultaneous pathways between attitudes and preferences, residential location, and health behaviors. For instance, structural equation modeling methods such as full information maximum likelihood (FIML), coupled with longitudinal data, may be particularly well suited to model the dynamic relationships that characterize residential self-selection and health (Boone-Heinonen et al., 2011) .
Focus on residential relocation
Although the focus of this analysis on residential relocation created a useful longitudinal framework, it also posed several unique challenges for causal inference. As previously noted, moving is a substantial and potentially stressful life event that can affect health and behavior in a variety of ways. Furthermore, the focus on residential relocation creates an additional layer of self-selection, as individuals choose not only where to move, but also whether to move in the first place. The differences between movers and non-movers in the CARDIA cohort suggest that moving is correlated with lower socioeconomic status (potentially over-representing renters), which could produce biased estimates if these confounding influences are not fully captured in the set of observed covariates. The movers in this sample may also differ from non-movers on a variety of unobservable characteristics. Next, the results may not be generalizable to longitudinal changes in health among those who remain in the same neighborhood over time but nevertheless experience incremental changes to the built environment. Additionally, because data on time since moving were not available, the potential for moderation by length of time in the new residential location could not be tested.
Divergence from previous work
The results of our study contrast with those of Hirsch et al. (2014) , who also used fixed effects models and found increases in Street Smart Walk Score s following residential relocation to be associated with increases in walking activity and reductions in BMI. These differences may be attributable to cohort life stage, as the previous study focused on older adults who may face different time commitments and health considerations than the middle-aged adults in our analysis. Hirsch et al. (2014) also examined transportation and leisure walking as separate outcomes, finding changes in walkability to be associated with the former but not the latter behavior. This distinction corresponds with past research that has found the built environment to have varying associations with utilitarian and recreational walking Sundquist et al., 2011; Rodriguez et al., 2009; Christian et al., 2011) . Given these distinct relationships, the lack of separate data on transportation and leisure walking for the CARDIA cohort is both a limitation and a potential explanation for divergence with past studies of walking behavior.
Other limitations
Several additional limitations relate to the methods used in this analysis. Fixed effects regression is less efficient when changes in exposures and outcomes over time are limited, which may be particularly relevant in an observational cohort setting with high tracking of health behaviors; limited changes in exposures and outcomes could lead to attenuated coefficient estimates. We also modeled each health outcome independently although the error terms for these equations could be correlated; correlations between outcomes are presented in Appendix Tables A.3-1 (baseline) and A.3-2 (follow-up). Next, as shown in Table 2 , individuals moving to more walkable neighborhoods started from lower walkability index values, while those moving to less walkable neighborhoods started from higher index values. This suggests a tendency for individuals with very low or very high baseline walkability to move to neighborhoods of more moderate walkability, which could bias the coefficient estimates in this analysis. However, because we observed individuals at both end of this distribution, this bias may be limited. Additionally, the potential for chance associations should also be considered in light of the number of health outcomes examined in this analysis.
Furthermore, several types of data relevant to our research question were not available for the CARDIA cohort. First, we were not able to incorporate neighborhood-level air quality data due to the geographic extent of our sample, as existing secondary data sources do not readily capture neighborhood-level pollutants across the U.S. Next, while BMI and all cardiometabolic outcomes were measured objectively during inperson examinations, data on walking behavior were derived from self-report physical activity questionnaires that may be subject to recall and social desirability biases. However, participants generally reported a decrease in physical activity between the two exam years, corresponding with previous work in the CARDIA cohort that has found cardiorespiratory fitness to decrease over time (Carnethon et al., 2009 ). Finally, although past studies have suggested that perceived and objectively measured neighborhood attributes have distinct associations with travel behavior and physical activity (Giles-Corti et al., 2013; Sundquist et al., 2011; Leslie et al., 2005; Dill and Voros, 2007; Hoehner et al., 2005) , data on environmental perceptions were only available for the 2005-2006 CARDIA exam and therefore could not be included in this longitudinal analysis.
Conclusion
We found increases in neighborhood walkability to be correlated with reductions in systolic blood pressure and increases in C-reactive protein among a sample of middle-aged adults in the U.S. who moved residential locations between 2000 and 2006. The opposing directions of effect for systolic blood pressure and C-reactive protein illustrate the potential competing health risks (e.g., crowding, noise, air pollution, stress) and health benefits of dense, walkable environments. The differences between the random effects and fixed effects estimates in this analysis demonstrate that unmeasured time-invariant confounding, which could arise from residential self-selection, is an important threat to validity in this area of research. Approaches that base estimates on variation between individuals (e.g., random effects, cross-sectional research designs) may be subject to bias, which could overstate or otherwise misrepresent the relationship between walkability and health. Moreover, simple and static indicators of neighborhood choice and preferences may not fully account for the complex and dynamic determinants of residential self-selection; future survey efforts should therefore focus on developing and validating multidimensional, time-varying measures of built environment preferences. The results of this analysis indicate that findings from cross-sectional studies should be interpreted with caution, and that further research is needed to more fully understand the potential for built environment interventions to influence active transportation and corresponding health outcomes.
Table A1
Comparison of included cases (movers with complete data) and excluded cases (non-movers, movers with incomplete data) on baseline characteristics.
Characteristics
Included 
